Abstract-Evolutionary generation of three-dimensional microwave line-segment circuits embedded in a multilayer structure is presented. Connections of the line segments and their lengths are expressed by sets of parameters, which are evolutionarily optimized by the genetic algorithms. Practical optimization time is achieved by introducing models of broadside-coupled multiconductor transmission lines instead of full-wave electromagnetic (EM) calculations. The scattering parameters of the models are connected with the scattering parameters of vias, and are synthesized into that of the whole circuit. Using line segments, we can obtain not only small components for limited-space applications, but also large components for wide-band frequency specifications without increasing computational complexity. Two bandpass filters and a bandstop filter were designed and tested by an EM simulator. The bandpass filters were also fabricated and measured. The results validated our proposing procedure.
I. INTRODUCTION
O PTIMIZATIONS of microwave circuits, especially of filters, have typically been carried out for lengths and/or widths of their lines by conventional methods such as the quasiNewton method, conjugate gradient method, or random-search technique. Their initial values are obtained from conventional lumped-element prototype circuits.
On the other hand, recent microwave systems require very compact circuits or very eccentric specifications, which are difficult to be obtained by such conventional ways. To design such compact circuits, we need to search solutions not only in the prototype ladder lumped-element circuits, but also in ways of connecting elements in two or three dimensions.
For such purposes, we already have introduced the evolutionary design of two-dimensional (2-D) microwave line-segment circuits by the genetic algorithms (GAs) [1] . In the paper, we applied the GA to microwave circuits to optimize the circuits' topology and lengths. Unlike optimizations with an electromagnetic (EM)-based patch-segment simulation, our approach with line segments did not require a large number of parameters for large circuits. This enabled us to obtain not only narrow-band specifications for small components, but also wide-band specifications for larger ones. The GA was introduced by Holland in 1975 [2] as a subject of computer science. Recently, it began to be applied to optimizations of discrete and/or discontinuous microwave problems. Michielssen et al. applied the GA to optimizations of multilayer structures such as frequency-selective surfaces in 1993 [3] . Johnson and Rahmat-Samii optimized antenna patterns along with the method of moments (MoM) [4] . They reduced computation time by replacing some elements in impedance matrices obtained by the MoM with zeros according to an antenna shape instead of calculating the whole impedance matrices each time. For analog circuits' design, Koza et al. synthesized linear and nonlinear circuits, combining the genetic programming with SPICE [5] . As for microwave circuit applications, John and Jansen have developed an excellent way to design (monolithic) microwave integrated circuit (M)MIC components by the GA combined with the two-and-one-half-dimensional (2.5-D) spectral-domain approach (SDA) [6] . This was good for small-size components, but not efficient for large components because of its huge time consumption of EM-based calculations.
In this paper, we devised an expression of three-dimensional (3-D) circuits by a set of parameters, which is optimized by the GA. The expression is derived from our previous 2-D work.
To reduce the computation time, a circuit is decomposed into via models and broadside-coupled multiconductor transmission-line models. There is a huge amount of research on two-conductor transmission-line models and their applications. As for three-conductor models, several great investigations have been done. Pavlidis and Hartnagel have derived side-coupled three-conductor transmission-line models with modal representations of lines [7] . Yamamoto et al. have investigated not only side-coupled models, but have also derived a broadside-coupled three-line model [8] . Several books have been published on multiconductor transmission-line models. Paul investigated the models from a point-of-view of transmission-line differential equations, which are described by per-unit-length capacitance, inductance, and resistance matrices [9] . Fache et al. have published an excellent work [10] , in which they discussed the condition to match EM and circuitry representations. This concept was highly suggestive for our study.
In Section III-C, we extract the capacitance matrix of an -conductor transmission line of unit length using the 2-D finite-element method (FEM). The procedure is described as a suitable way to be embedded in computer-aided design (CAD) programs.
intrinsic transmission modes are then obtained. The impedance value of each mode is calculated using the 2-D FEM by exciting conductors with appropriate voltages, which are not only proportional to the mode voltages, but are normalized to satisfy a condition to equate energy consumptions between EM and circuit representations. The obtained mode impedances are stored in a lookup table, and used to calculate scattering parameters ( -parameters) of -conductor transmission line of arbitrary length in the GA process. The -parameters are synthesized with the -parameters of vias that are precalculated by the MoM. The circuit responses are so calculated that the computation time for one circuit at one frequency is less than 1 s.
The advantages against conventional design procedures are as follows.
• No initial condition is required.
• Multipassbands and/or multistopbands can be specified.
• Not only the one-dimensional ladder-circuit-type properties, but also the multipass network, which realize phase interference effects such as rat-race hybrids, can possibly be proposed to reduce insertion loss due to the factor of the resonators. • Applications to multilayer structures can propose very compact-size circuits that no conventional technique can propose via a straightforward way.
Two bandpass filters and a bandstop filter were designed and tested by an EM simulator. The bandpass filters were also fabricated and measured. The result shows the validity of our proposed models and effectiveness of design by the GA.
II. GENETIC EXPRESSIONS OF GROWING 3-D CIRCUITS
In [1] , a 2-D circuit was expressed by a set of parameters. The parameters described structural growth of the circuit by indicating how new lines would be added successively to an outermost frame circuit, which we called a "base circuit." The line-adding process chose two adjacent parallel lines in the circuit. A new line was then disposed to bridge the two lines perpendicularly. After iteration of this process, some lines were eventually removed from the circuit.
We extended this procedure to 3-D circuits composed in a multilayer structure. Fig. 1 shows this process in the case of a four-layer structure.
First, our GA process generates a 2-D circuit pattern as described in our previous work, except that no line is removed. Let us call this circuit pattern a 2-D projected circuit (P-circuit) pattern. The process also assigns a specific genetic code to each line and to each intersection point [see Fig. 1(a) ]. The specific genetic code of a line is an -bit binary number, where is the number of layers, and the specific genetic code of an intersection point is an -bit binary number. The P-circuit pattern is then copied to all layers in the multilayer structure [see Fig. 1(b) ]. The process uses the specific codes described above to determine the existence of lines that were copied from the same line of the P-circuit pattern. Fig. 1(c) shows the lines whose corresponding line in the P-circuit have a genetic code "0101" remain in layer 2 and 4, and are removed in layer 1 and 3. In this case, for example, the first "0" corresponds to the removal of a line in the first layer (the bottommost one), and the last "1" corresponds to the existence of a line in the fourth layer (the topmost one). Fig. 1(d) shows the vias whose corresponding intersection point in P-circuit has a genetic code "011." These vias lie between the second and third layer and between the third and fourth layer. In this example, the "0" corresponds to removal of a via between corresponding layers and the "1" corresponds to existence of a via there.
These specific genetic codes representing existence of lines and vias are optimized by the GA, as well as the genetic codes representing the P-circuit's topology and dimensions. We do not mention the GA in this paper. The procedures are the same as what we have proposed in [1] .
III. MODELING OF A 3-D LINE-SEGMENT CIRCUIT
The GA requires models to calculate a circuit's responses quickly since it tests more than tens of thousands circuits before convergence. In this section, models of vias and models of line segments are described.
A. Models of Elements in a Multilayer Structure
Quick calculations of the responses of a circuit are performed by decomposing the circuit into vias and coupled line segments. Synthesizing -parameters of the decomposed elements to -parameters of the original 3-D circuit is much faster than the EM-based -parameter extraction.
Coupling effects between the lines overlapped in different layers are taken into account, while the ones between the lines in the same layer are ignored. This approximation is valid under the condition that two adjacent lines in the P-circuit are disposed with a interval more than a certain minimum value. This condition is also indispensable to avoid generations of closely disposed T-junctions whose interval is less than the line width.
B. Models of Vias
A lookup table made by EM simulations is used for vias since the number of combinations to connect layers through vias is not large. Intersection points in a P-circuit pattern have three types of discontinuities. They are a T-junction, a right-angle corner, and a single end. In an -layer structure, each intersection point has combinations of via connections. Fig. 2 shows four combinations of via connections in a three-layer structure. Therefore, we need to prepare 3 2 types of frequency responses.
C. Models of Broadside-Coupled Lines
Responses of a line segment varies continuously as its length changes. Therefore, instead of a lookup table, appropriate transmission-line models are required. In a multilayer structure, the couplings between lines play an important role. Lines stacked up in a vertical direction especially have significant broadside couplings. Fig. 2 . Three types of discontinuities of intersection points in a P-circuit, and four types of combinations of via connections in a three-layer structure. In this section, we propose a multiconductor transmission-line model with broadside coupling effects in an -layer structure. Fig. 3 shows a typical multiconductor transmission-line structure in an -layer. It is not necessary that all conductors are exist. In this figure, the number of conductors is , counting from the bottommost one. Both of the top and bottom grounds are numbered as . According to a genetic code assigned to each line of a P-circuit, the number of conductors varies from 0 to , and the number of combinations of such conductors is 2 .
To obtain characteristic modes of the -conductor structure, we need to obtain the capacitance , the capacitance between conductor and conductor . Note that the number of conductors is if we consider the ground is st conductor. Since and for , , the number of unknowns is
. The values of the unknowns are obtained by the 2-D FEM. If we take notice of the number of combinations picking up two conductors out of conductors also being , the efficient computational procedure to obtain all the capacitances would be as follows. 
The matrix equation to calculate the elements of the capacitance matrix is then obtained, as shown in (3) 
The only exception to this technique is the case of . In this case, and also the field distribution is the same, except that the electric field directs opposite directions. This means the two conditions are physically the same. The case of and and the case of and are of the same manner. The matrix then becomes singular. In the case of , the conditions that one of the four conductors is 1 V while the other three are 0 V, as well as the conditions that two conductors are 1 V and the other two are 0 V, can solve the problem.
The characteristic modes of the structure are derived next. The capacitance matrix with the referenced ground conductor is
where the capacitance between conductor and the ground is redefined as . The characteristic modes correspond to the eigenvectors of the above matrix. We do not mention the way to obtain eigenvectors, but the reader may refer to [11] The characteristic impedance of a certain mode is obtained by the 2-D FEM again. Let be the th eigenvector, which corresponds to the th mode as follows:
. . .
The exciting voltages for the first conductor to th conductor must then be to , where is a normalizing coefficient of the th mode to match EM representation with circuit representation. The capacitance of the system excited by the voltages and the capacitance of the same system with the relative permittivity of the material set to one are used to obtain the th-mode impedance (7) where is the speed of light in free space.
For the case that all terminals of coupled conductors are terminated by , there are two ways of approaching the problem. Fig. 4 is the examples of these two view when . Fig. 4(a) shows the view that a line with impedance is terminated by at both ends. This is considered that the conductors act as one transmission line and terminations are collected into two common terminations at both ends. On the other hand, Fig. 4(b) shows the view of the conductors with the impedance of terminated by at terminals. In this view, we assumed all the line impedances of conductors are the same as . This is true in the case of the eigenmode transmission. If not, the linearity of the voltages at terminals and the currents of lines failed.
The voltage at terminal 2 in Fig. 4(a) is (8) and at terminal in Fig. 4(b) is (9) The power consumption at the load is (10) in Fig. 4(a) and (11) in Fig. 4(b) . The equation to determine is then (12) or (13) What we need to obtain is the value of when so as to match the definition of the impedance of EM representation, which are determined by , and that of circuit representation (14)
Once all the mode impedances are obtained, the -parameters of the -conductor transmission line can be derived via a conventional way [12] . 
The excited voltage at port is then The obtained -parameters of multiconductor transmission lines are connected to the -parameters of vias obtained in the previous section. The response of the whole structure is calculated much faster than full-wave EM simulations.
IV. DESIGN EXAMPLES OF MICROWAVE CIRCUITS
In this section, two kinds of microwave circuits are design and verified. The material is supposed to be low-temperature co-fired ceramics (LTCCs), which would be the major material for multichip modules (MCMs) in mobile terminal equipments these days. The circuits have a three-layer structure with a relative permittivity of 7.1 whose wave length at 5 GHz is 22.5 mm. Each layer has a thickness of 160 m and a linewidth of 200 m. The assigned maximum circuit size was 5 5 mm .
A. Bandpass Filters
The first design example is a bandpass filter. Its passband is 4.9-5.1 GHz with an insertion loss less than 0.5 dB, and stopbands are from 4.4 to 4.5 and 5.5 to 5.6 GHz with a rejection over 15 dB. Fig. 6(a) shows the obtained circuit, and These results agree well, except for the insertion loss due to our using a lossless line model in the GA. The maximum loss in the passband was 2.48 dB at 4.9 GHz.
Conventional design requires two or three resonators whose lengths are about a quarter-wavelength. Fig. 7(a) shows a design example of a conventional three-resonator bandpass filter. Fig. 7(b) shows the result of EM simulation of the conventional filter, which needs further optimization to improve the reflection. The shorted resonator length was 5.4 mm, and the width was 1.4 mm. The total size was 5.4 mm 4.6 mm. The size of the GA-produced filter was slightly small, but not significant. However, if more than one passband was required, the conventional procedure encountered difficulty, while the GA design had no such restriction.
The second bandpass filter has a passband at 4.9-5.1 GHz with the insertion loss less than 0.25 dB, and stopbands are Fig. 8(a) shows the obtained circuit and Fig. 8(b) shows the comparison between the GA model (solid lines) and EM simulation (dashed lines) and measured results (thin solid lines with markers). The obtained size of the outermost pattern was 4.15 mm 4.85 mm. The computation time of the GA process was approximately 9 h on the same PC, with 300 circuits tested at nine frequencies through 54 generations. These results agree well, except for the insertion loss. The maximum loss in the passband was 2.9 dB at 4.9 GHz.
B. Bandstop Filter
The third design example is a bandstop filter. Its stopband is 5.0-5.1 GHz with the rejection over 12 dB, and passbands are from 4.6 to 4.8 and 5.3 to 5.5 GHz with the insertion loss less than 0.7 dB. Fig. 9(a) shows the obtained circuit, and Fig. 9(b) shows the comparison between the GA model (solid lines) and EM simulation (dashed lines). The size of the outermost pattern was 3.93 mm 3.57 mm. The computation time of the EM simulation of the circuit was approximately 40 s per one frequency on a Pentium III 700-MHz PC. The computation time of the GA process was approximately 20 h on the same PC, with 200 circuits tested at eight frequencies through 100 generations. The EM simulation showed a narrower bandwidth of the stopband than the GA result. This was due to the coupling effects that the GA did not considered. Those might be the couplings between lines not overlapped and the couplings between vias. Though the pattern contained closely disposed five lines in three layers, only the two pair of the lines were considered as coupled lines that overlapped in the different layers. This example were not fabricated.
V. DISCUSSIONS AND CONCLUSIONS
We have introduced an evolutionary generation of 3-D microwave line-segment circuits embedded in a multilayer structure. The developed procedure optimizes a line-segment circuit with a variety of topology, and ends up with a circuit that exceeds expectations. Our developing multiconductor transmission-line model enables computation time to be practical.
To make the GA converge well, arbitrary sets of parameters in our process correspond with certain feasible circuits without any lines crossing or without disconnecting each other in physical space. This is very important to avoid convergence to meaningless solutions.
Performing several design examples, we can say that our procedure proposes good solutions in practical time for specifications with narrow stopbands and/or narrow passbands compared to ones with wide passbands. This is because the process is prone to create the complex structure that usually has sharp frequency characteristics. For a design with widely uniform frequency characteristics, some restrictions to make circuits simple should be introduced, such as a reduction of the number of lines or restrictions of a circuit's size.
Insertion-loss estimation is another shortcoming of this procedure. An accurate estimation of this characteristic is difficult because the loss of each mode cannot simply be summed up to obtain the total loss. Some margins should be taken into account and specifications with reflection loss seem to offer a good convergence instead of the ones with insertion loss.
Couplings between lines that are disposed closely to each other, but are not overlapped might be taken into account for a more accurate design. In this paper, keeping a certain minimum interval between such lines reduces the unexpected coupling effect. However, in the example of the bandstop filter, such couplings still caused a discrepancy in the calculation. In a thick layer structure, couplings between vias should also be considered. These coupling considerations are tradeoffs between compactness of the circuit and reduction of computation time or complexity of the procedure.
Notwithstanding, performed examples verified the validity of combination of the GA optimization and the proposed broadside-coupled transmission-line model for compact 3-D microwave line-segment circuit designs. The result showed the model were good enough to design microwave circuits without EM simulation, except for the circuit including closely disposed, but not overlapped lines.
If the conventional techniques were used, starting from a prototype ladder circuit, the procedure would propose a certain size of resonators. To minimize the size less than a quarter-wavelength, the resonators must be bent in the multilayer structure by trial-and-error EM simulation, or if the lumped-element components are used for lower frequency specifications, inductors must be designed by EM simulations, and a certain accurate model that can express parasitic capacitances to other components must be required. Even in this case, there is no guarantee that the circuit is realized with the desired size. In the case of a bandpass filter with more than one passband, the conventional procedure requires several stopbands to be superposed on a wide passband. For the case that such passbands are disposed far apart, in other words, the superposed passband is pretty wide, the conventional procedure becomes difficult to perform.
Our proposed GA process searches for solutions not only in ladder circuits, but also in a wide variety of possible topology realized in the structure. Some topologies utilize phase interference effects to make stopbands. Others create resonators with several resonant frequencies. Analysis of the obtained circuits has a chance to propose new types of filter circuits.
Since no initial value is required and what we need to do is simply input specifications, designing circuit topology and dimensions by the GA will be one of the strong methods in future CAD technologies. TECHNIQUES (1983 TECHNIQUES ( -1985 . 
